The pulmonary arterial pressor response to acute hypoxia is generally attributed to pulmonary vasoconstriction (1) . Moreover, the demonstration that the pulmonary pressor response can occur without the intervention of either the autonomic nervous system (2-4) or known neurohumoral mediators (5, 6 ) has led to the popular view that the pulmonary vasoconstriction is a consequence of local effects of acute hypoxia on the vascular wall (7) .
There is much less unanimity concerning the particular vascular segment (or segments) affected by hypoxia. On the premise that the pulmonary capillaries cannot constrict, the bulk of the evidence has been interpreted as indicating that acute hypoxia elicits postcapillary vasoconstriction (7, 8) . These experiments, however, which have involved either the breathing of hypoxic inspired mixtures either by both lungs (9) or by one lung (10) , have rarely excluded the possibility that the precapillary vessels may also be involved in the pressor response (11) . Furthermore, while experiments on isolated lungs and artificial preparations (12) have shown that acute hypoxia is capable of changing the caliber of the precapillary vessels, they have not settled the nature of this response: vasoconstriction or vasodilatation (12, 13) , active or passive (14, 15) .
The present study was concerned with the * Presented in part at the 46th annual meeting of the American Physiological Society, April, 1962. Supported in part by research grants H-2299 and HE-05741 from the National Institutes of Health, with additional support from the American Heart Association and the New York Heart Association. effects of precapillary hypoxemia on the pulmonary circulation. The experiments were performed on intact dogs and were of two types. The first involved the use of either 2,4-dinitrophenol (16) or of carbon monoxide to reduce markedly the oxygenation of mixed venous blood without affecting the oxygenation of pulmonary venous blood; we found that both of these agents elicited an increase in pulmonary arterial pressure. Since this pressor response might arise reflexly from a decrease in the oxygen tension in some chemosensitive area rather than from a local action of mixed venous blood on precapillary vessels, a second type of experiment was performed in which the oxygen tension of carotid arterial blood could be selectively varied; in this way, the possibility was investigated that a decrease in the oxygen tension of chemosensitive areas of the brain and carotid arteries was involved in the pressor response.
METHODS
The intact dog. The principles underlying the use of 2,4-dinitrophenol (DNP) and of carbon monoxide to reduce selectively the oxygen tension of mixed venous blood are illustrated with reference to the standard oxyhemoglobin dissociation curve in Figure 1 . DNP decreases the mixed venous Po0 by increasing the oxygen consumption without proportionate increase in the cardiac output (16, 17) ; on the other hand, carbon monoxide accomplishes the same end by decreasing the oxygen capacity of the blood.
These experiments were performed on fourteen fasted dogs, anesthetized with pentobarbital, 30 mg per kg body weight. The dogs were ventilated by means of a Bird mechanical respirator connected to an endotracheal tube. An open circuit was arranged so that the respirator could deliver different mixtures of inspired gas and so that expired gas could be collected in a 120-L gasometer. The respirator was set to effect an estimated normal alveolar ventilation (18) few minutes until the close of the experiment. Samples for the determination of the cardiac output were drawn at 10 and 45 minutes after the end of the injection (periods 3 and 4). In five of the eight animals treated with DNP, 99%o oxygen was substituted for ambient air immediately after period 4 and administered through the mechanical respirator for an additional 20 minutes (period 5). The final period consisted of 25 minutes of ambient air breathing through the respirator (period 6).
In the remaining six dogs, the two control periods of assisted respiration on ambient air were followed by two consecutive periods in which 0.2%o carbon monoxide in air was substituted for the ambient air. After 30 and 50 minutes, samples were collected for the determination of the cardiac output. Blood pressures were measured either continuously or intermittently as above.
Perfused-carotid-artery dog. As shown in Figure 2 , a bypass was included in the circulation in such a way that the common carotid arteries could be perfused either by arterial blood from the femoral arteries or by venous blood from the inferior vena cava.
This part of the study involved eleven dogs. After anesthesia with pentobarbital, the trachea was intubated for assisted respiration. Thereafter, as may be seen in Figure 2 , the following steps were taken: 1) a no. 7 cardiac catheter was placed in the right pulmonary artery, 2) an indwelling arterial needle was placed in one femoral artery, 3) the inferior vena cava and the aorta were cannulated with wide-bore plastic tubing by way of a femoral vein and the remaining femoral artery, respectively, 4) both common carotid arteries were ligated as low in the neck (as far from the carotid sinuses) as possible, 5) the left ventricle was catheterized retrogradely (no. 6 cardiac catheter) by way of one common carotid below the ligature, 6) both common carotid arteries were cannulated above the ligatures with side-bore plastic tubing, and 7) an indwelling arterial needle was placed immediately below the bulb of the remaining external jugular vein; in order to maintain free blood flow, no ligatures were applied to either jugular vein. Before the first period, the extracorporeal system was filled with heparinized blood from a donor dog. Perfusion was accomplished by a Sigmamotor finger pump. The rate of perfusion (of the order of 20 ml per kg per minute) was adjusted to maintain the carotid arterial blood pressure within a few millimeters Hg of the aortic blood pressure.
Before each perfusion experiment, the responsivity of each animal's pulmonary circulation to acute hypoxia was tested. This involved successive periods of breathing: 1) ambient air, 2) 12% oxygen in nitrogen, and 3) ambient air. Each inspired gas mixture was supplied by the respirator; each period lasted for 15 to 20 minutes. Seven of the eleven dogs manifested an increase in pulmonary arterial mean pressure of at least 3 mm Hg during this preliminary trial; only the data from these responsive dogs are included in this report.
For each dog, a perfusion experiment consisted of five 20-minute periods: 1) control, i.e., perfusion of the carotid arteries with arterial blood during ambient air breathing, 2) perfusion of the carotid arteries with venous blood during ambient air breathing, 3) a second control, 4) perfusion of the carotid arteries with arterial blood during breathing of an inspired mixture of 12%o oxygen in nitrogen, and 5) a final control. Blood pressures in the pulmonary artery and left ventricle were measured every few minutes. Blood and gas samples for the measurement of cardiac output were collected (as above) during the last two minutes of the periods. In addition, blood was drawn from below the jugular bulb before the close of each period.
In four of the seven dogs, the experiment was extended to include observations during which blood flow through the vertebral arteries was arrested while the carotid arteries were perfused with blood drawn from either the femoral arterial or venous cannula. The occlusion of the vertebral arteries was accomplished without thoracotomy. Through an incision low in the neck, the ipsilateral vertebral, or subclavian arteries, or both, were located in the mediastinum by digital palpation. A long clamp was then passed along the course of the palpating finger to the artery. The procedure was then repeated on the other side. That blood flow through both vertebral arteries had been interrupted was shown in two ways: 1) by briefly clamping the carotid arteries as well as the intrathoracic arteries; when the intrathoracic clamps were properly placed on the vertebral or subclavian arteries, the blood pressure in the cephalad part of the carotid artery fell from systemic arterial to jugular venous levels, and 2) by verifying the position of the intrathoracic clamps at autopsy.
Analytic techniques and calculations. The 02 and CO2 contents 'of expired air were measured by the microScholander technique (19) . The 02 and CO2 contents and the 02 capacity of blood were analyzed by the method of Van Slyke and Neill (20) . In the carbon monoxide experiments, two special precautions were taken to obtain reliable measurements of the oxygen saturation: 1) the equilibration of blood with room air for the determination of the 02 capacity by the method +11 m m\°t-
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RESULTS

Dinitrophenol
The effects of DNP on pulmonary gas exchange, on the gaseous composition of the blood, and on the pulmonary circulation are listed for each animal in Table I . For each dog in this table, the data for the two control periods (-20 and -10 minutes, respectively) are followed by the data for the subsequent two or more test periods. Pulmonary gas exchange. Before the infusion of DNP, the minute ventilation and gas exchange of the eight dogs was fairly steady: successive values for minute ventilation and oxygen uptake did not differ by more than 15%o, and the respiratory exchange ratios ranged from 0.70 to 1.00, with an average difference of 0.06 between the two control periods.
After the infusion of DNP, the respiratory exchange ratios changed slightly and inconsistently from the control. In contrast to the lack of consistent change in the respiratory exchange ratios, the minute ventfation increased after the DNP, Effect of breathing 99%o oxygen after DNP.
The effect of breathing oxygen on the hemodynamic changes produced in the pulmonary circulation by infusion of DNP was examined in the last five dogs of Table I . As may be seen, the substitution of 99% oxygen for ambient air about an hour after the end of the infusion of DNP (+ 65 minutes) effected full saturation of the arterial blood and (not shown in this table)
increased the dissolved oxygen in the arterial plasma to an average value of 1.9 ml per 100 ml of blood. The pH and the CO2 tension of arterial blood remained unchanged. The oxygen tension of mixed venous blood increased from an average value of 26 to 39 mm Hg.
The metabolic and hemodynamic effects associated with the increase in oxygenation are summarized in the last two columns of Figure 3 . Neither the oxygen uptake nor the cardiac output changed appreciably. However, the pulmo- nary arterial pressure and the pulmonary vascular resistance decreased to near-control values.
During the final period of ambient air breathing, the values for blood gas composition and for pulmonary hemodynamics returned to approximately the same levels as before the previous period of oxygen breathing.
Carbon monoxide
The effects of breathing a mixture of 0.2%o carbon monoxide in air on pulmonary gas exchange, blood gaseous composition, and the pulmonary circulation appear in Table II . The data for each animal were obtained during two control periods (-20 and -10 minutes) and during two test periods (30 and 50 minutes) after the breathing of carbon monoxide was begun. For convenience, the two animals (dogs 13 and 14) in which the breathing of carbon monoxide was not associated with a change in mixed venous oxygen tension are separated in Table II  from dogs. In each of these dogs, the content of carbon monoxide was negligible during the control period and increased progressively as the carbon monoxide mixture was breathed. After 30 minutes of breathing carbon monoxide, the average content was 6.5 ml per 100 ml and after 50 minutes, 9.0 ml per 100 ml. Table   II , the changes in blood CO, tensions and pH were less during carbon monoxide breathing than after the infusion of DNP. Only in dog 14 did the arterial CO2 tension and pH undergo appreciable changes; in this animal, the changes in the blood occurred after 30 minutes of breathing carbon monoxide, in association with an unexplained increase in minute ventilation.
Pulmonary circulation. As indicated previously, Table II was subdivided according to the effect of carbon monoxide breathing on the cardiac output. In the first three dogs of this table, during the breathing of 0.2% carbon monoxide, the change in the cardiac output from the control period did not exceed 10%o; in the fourth (dog 11), the increase in cardiac output was approximately 25% of the control value.
As Figure 4 indicates, the mean pulmonary arterial pressures in these first four dogs ranged from 13 to 16 mm Hg during the control periods. In each dog, the pulmonary arterial pressures increased during carbon monoxide breathing: the increments in systolic pressure exceeded the increments in diastolic pressure, and the increase in mean pressures ranged from 2 to 5 mm Hg after 30 minutes of carbon monoxide and from 3 to 6 mm Hg after 50 minutes of carbon monoxide. During these periods, the left ventricular systolic pressure fell, on the average, by 13 mm Hg, but the left ventricular diastolic pressures did not change by more than 1 mm Hg. The calculated pulmonary vascular resistance increased on the average by 0.07 mm Hg per ml per second after 30 minutes of carbon monoxide breathing and by 0.105 mm Hg per ml per second after 50 minutes of carbon monoxide breathing.
The lower part of Table II deals with the pulmonary hemodynamic effects of carbon monoxide in the two dogs in which the cardiac output increased sufficiently during the test periods to prevent a decrease in the mixed venous oxygen tension. As in the first four dogs, the cardiac outputs during the two control periods varied by less than 10%. After 30 minutes of carbon monoxide breathing, however, they had increased by 50 and 1 %o and after 50 minutes, by 77 and 130%. The pulmonary arterial pressures increased in both animals, by 3 and 5 mm Hg, respectively, without change in the left ventricular diastolic pressures. The calculated pulmonary vascular resistance decreased slightly in both dogs. As in the DNP experiments, a statistically significant relationship (p = < 0.01) was found to exist between the increases in pulmonary vascular resistance (Rp) and the decrements in the oxygen tension of the mixed venous blood (Pvo02). It is expressed by the equation: ARp = 0.00002 + 0.0048 x APVo2. On the other hand, as the two regression equations indicate, DNP produced larger increases in pulmonary vascular resistance for equivalent decreases in mixed venous oxygen tension.
Hypoxemia of the brain and carotid chemoreceptors
The pulmonary circulatory effects of perfusing both common carotid arteries with venous blood (see schema of Figure 2 ) are shown in the first three columns of Figure 5 . As the figure indicates, the oxygen tension of arterial and mixed venous blood was measured during all three pe- riods; the corresponding oxygen tension of jugular venous blood was measured only during the test period and the succeeding control period. Not shown are the values for arterial and mixed venous pH, which did not change by more than 0.04 during the three experimental periods. As mlay be seen in Figure 5 , perfusion of the carotid vessels with venous rather than arterial blood lowered the average jugular venous oxygen tension by 11 The last two columns of Figure 5 show that the failure of pulmonary vascular resistance to increase during the venous perfusion was not attributable to a loss of reactivity on the part of the pulmonary vessels. This reactivity was tested in the conventional way by administering a hypoxic inspired gas mixture (12%o oxygen in nitrogen) while the carotid vessels were perfused with systemic arterial blood. It may be seen that during these experiments, the jugular venous In order to exclude the possibility that the vertebral arteries were delivering oxygenated blood to critical areas of the brain during the venous perfusion of the carotid arteries, the experiments shown in the first three columns of Figure 5 were repeated in four dogs during occlusion of the vertebral arteries. The results are summarized in Table III 
DISCUSSION
The present study has demonstrated that, in the intact anesthetized dog, a decrease in the oxygen tension of mixed venous blood elicits an increase in pulmonary arterial pressure. Since this pressor response occurred during controlled ventilation and in the absence of any change in either tracheal pressure, cardiac output, or left ventricular pressure, it is attributed to pulmonary vasoconstriction. Moreover, since the decrease in oxygen tension was confined to the precapillary segments, without either alveolar or postcapillary hypoxia, it seems reasonable to conclude that the decrease in the oxygen tension of the mixed venous blood elicited precapillary vasoconstriction by a direct effect of the low oxygen tension on the precapillary vascular wall.
Assessment of alternate explanations
At least four alternate explanations received serious consideration: 1) that DNP and carbon monoxide induced pulmonary vasoconstriction by their direct pharmacologic effects rather than by their indirect effects on mixed venous oxygen tension, 2) that changes in the pH and carbon dioxide tension of the blood, rather than in the oxygen tension, were responsible for the pulmonary vasoconstriction, 3) that a decrease in the oxygen tension at some extrapulmonary, rather than intrapulmonary, site brought about the pulmonary vasoconstriction, and 4) that instead of directly affecting the precapillary vessels, precapillary hypoxemia elicited postcapillary vasoconstriction reflexly.
Pharmacologic effects of DNP and carbon monoxide. Several lines of evidence indicate that these agents elicited pulmonary vasoconstriction by way of their effects on the oxygen tension of mixed venous blood rather than by their direct pharmacologic actions: 1) except for their effectiveness in reducing the oxygen tension of mixed venous blood, the actions of the two agents are pharmacologically distinct; 2) the pulmonary vasoconstriction elicited by DNP was reversed by the breathing of an enriched oxygen mixture which relieved mixed venous hypoxemia; and 3) at equivalent concentrations of carbon monoxide in systemic arterial blood, the pulmonary vasoconstriction occurred only in those animals in which the oxygen tension of mixed venous blood decreased. The failure to adduce evidence for a direct pulmonary vasoconstrictor effect of carbon monoxide in the present studies is consistent with observations in the isolated lung which indicate that carbon monoxide elicits vasodilatation rather than vasoconstriction (27) .
Such a vasodilating effect of carbon monoxide is also consistent with the present observation that for equivalent decrements in the oxygen tension of mixed venous blood, DNP exerted a greater pressor effect than did carbon monoxide.
Changes in blood pH and carbon dioxide tension. Neither acidosis nor an increase in blood carbon dioxide tension appear to be involved in the pulmonary vasoconstriction elicited by DNP or carbon monoxide. This conclusion is based on the fact that under similar experimental conditions in the dog, increments in pulmonary vascular resistance comparable to those observed in the present study could only be elicited by much larger changes in the arterial and venous carbon dioxide tension and pH (28).
Extrapulmonary hypoxemia. There are two likely mechanisms by which DNP or carbon monoxide could act from without the lungs to elicit pulmonary vasoconstriction: 1) by reducing the oxygen tension in extrapulmonary chemoreceptors, particularly in the brain or in the carotid arteries, to initiate a pulmonary vasoconstrictor reflex and 2) by stimulating the release of catechol amines. The first possibility was excluded experimentally by showing that preferential reduction in the oxygen tension of blood leaving the brain did not elicit pulmonary vasoconstriction. The second possibility is unlikely since 1) the pressor response to tolerable levels of hypoxemia does not involve the catechol amines and 2) the usual changes in left heart pressures elicited by the catechol amines did not occur in the present study (29) .
Intrapulmonary reflexes. and vascular-vascular axone (4) reflexes have been invoked by some investigators to account for the pulmonary vasoconstriction of acute hypoxia. It has been pointed out elsewhere that there is little evidence for the operation of such reflexes in the pressor response to acute hypoxia, since the pressor response may be elicited in the isolated lung after treatment with several pharmacologic denervators (3). Consequently, although undiscovered reflex pathways may conceivably exist within the lung, there is no experimental basis to implicate them in the pressor response to precapillary hypoxemia.
Precapillary vasoconstriction during acute hypoxia Although previous attempts to identify the particular pulmonary vascular segment affected by acute hypoxia are conflicting in some respects, they have led to the general notion that the pulmonary postcapillary segments are involved (7).
This view is based largely on the assumption that the breathing of hypoxic inspired mixtures effects far greater reductions in the oxygen tension of capillary and postcapillary segments than in the oxygen tension of mixed venous blood. However, the recent demonstrations that the diffusion of oxygen occurs rapidly through pulmonary precapillary vessels (31, 32) as well as through systemic arterioles (33) has seriously challenged this view. Indeed, the present study, as well as that of Boake, Daley, and McMillan (34) , raises the possibility that even the pulmonary pressor response to breathing hypoxic gas mixtures may act by way of precapillary, rather than postcapillary, vasoconstriction.
The experiments involving the combined effects of DNP and oxygen breathing are of special interest with respect to establishing the length of the precapillary vessels that vasoconstricts when mixed venous oxygen tension is abnormally low. Thus, the failure of oxygen breathing to reverse completely the precapillary vasoconstricting effect of DNP may mean that not only the terminal precapillary segments, i.e., those that allow the rapid diffusion of oxygen through their walls, but also the more proximal precapillary segments may participate in the vasoconstriction. Unfortunately, the number of observations in the present study is too small for further analysis.
The demonstration that exaggerated precapillary hypoxemia elicits pulmonary vasoconstriction leaves unexplained the failure of large increments in pulmonary arterial pressure to occur during exercise when mixed venous oxygen tensions are quite low. This apparent discrepancy may arise, however, from the overwhelming of the active vasoconstricting influence of precapillary hypoxemia by the passive vasodilating effects of exercise. SUMMARY 1) The present study investigated the relationship between pulmonary vascular resistance and the oxygen tension of blood perfusing pulmonary precapillary vessels. For this purpose, dinitrophenol and carbon monoxide were used to reduce the oxygen tension of mixed venous blood without affecting the alveolar or pulmonary venous oxygen tensions.
2) A decrease in the oxygen tension of the mixed venous blood elicited an increase in pulmonary arterial pressure and in pulmonary vascular resistance.
3) Evidence was adduced to indicate that the pressor response originated in a direct effect of the mixed venous oxygen tension on the pulmonary precapillary vessels, rather than in either the pharmacologic effects of dinitrophenol or carbon monoxide, changes in the blood pH or carbon dioxide tension, or changes in the oxygen tension at some extrapulmonary chemosensitive site.
